Bacillus cereus T spores were prepared on fortified nutrient agar, and the spore coat and outer membrane were extracted by 0.5% sodium dodecyl sulfate-100 mM dithiothreitol in 0.1 M sodium chloride (SDS-DTT) at pH 10.5 (coat-defective spores). Coat-defective spores in L-alanine plus adenosine germinated slowly and to a lesser extent than spores not treated with SDS-DTT, as determined by decrease in absorbance and release of dipicolinic acid and Ca2 . Spores germinated in calcium dipicolinate only after treatment with SDS-DTT. Biphasic and triphasic germination kinetics were observed with normal and coat-defective spores, respectively, in an environment with temperature increasing from 20 to 65°C at a rate of 1°C/min. Therefore, the physical and biochemical processes involved in germination are modified by coat removal. The data suggest that a portion of the germination apparatus located interior to the coat may be protected by the coat and outer membrane or that the coat and outer membrane otherwise enhance germination in L-alanine plus adenosine.
Germination is the process by which a dormant spore is converted into a vegetative cell. Once triggered to germinate, spores sequentially lose heat resistance, release dipicolinic acid (DPA) and Ca2+, and lose refractility when viewed by phase contrast microscopy, and their ability to scatter light decreases. The mechanism(s) by which bacterial spore germination is initiated and progresses is not known. To understand germination, knowledge on the role(s) of bacterial spore components in germination is essential.
The bacterial spore structure consists of an inner core surrounded by the inner membrane, a cortex surrounded by the outer membrane, and an exterior coat. The coat frequently is surrounded by a loosely attached exosporium (8, 13) . The spore coat consists largely of structural proteins (2, 29) with small amounts of lipid and carbohydrate (6) . The spore coat appears to have a role in germination; mutants lacking spore coats or with defective coats and spores from which the coats and outer membrane have been removed chemically have altered, typically more fastidious, germination requirements. Such spores can be germinated artificially by addition of cortex-lytic enzymes, such as lysozyme, or spore-specific enzymes (1, 4, 27) . Coatless spores have been observed to germinate at a decreased rate (13, 17, 18, 28) , and in somne cases mutants lacking spore coats germinate at a rate comparable to normal spores (26) . The exact involvement of the coat and outer membrane in germination is unclear. The coat or outer membrane may serve as one location where the germinant interacts with the spore (trigger site), protect the germination trigger sites, be affiliated with cortex-lytic enzymes, or otherwise be involved in germination. This paper reports studies characterizing the germination of normal and coat-defective Bacillus cereus T spores to identify the significance of the coat and outer membrane to spore germination.
MATERIALS AND METHODS
Bacterial strain and preparation of spore suspension. B. cereus T was from the North Carolina State University culture collection and originally was obtained from K. Johnson Testing for spore coat removal. The efficiency of spore coat removal was tested on the basis of the ability to adhere to n-hexadecane and observed by transmission electron microscopy.
(i) Hydrophobicity. Cell surface hydrophobicity was determined by the difference in partitioning of normal and coatdefective spores in n-hexadecane (7, 21, 22) . Spores were diluted in 0.1 M sodium phosphate buffer, pH 7.0, to an optical density at 450 nm between 0.5 and 1.0. Duplicate test tubes containing 3.0-ml portions of the spore suspension and volumes of n-hexadecane ranging from 0 to 3.0 ml were preincubated for 10 min at 35°C before being vortexed vigorously for 2 min. After the phases were allowed to separate for 15 min, the absorbance of the lower aqueous phase was measured at 450 nm. The results of this procedure were confirmed by phase contrast microscopic examination of the upper and lower phases.
(ii) Electron microscopy. Spores in Nobel agar were fixed in 3% glutaraldehyde and 1% OS04, embedded in Epon, and stained with uranyl acetate and lead citrate as detailed by Beaman et al. (4 reported. At appropriate intervals 2-ml samples of germinating spores were removed, added to centrifuge tubes containing 1 ml of cold 40 mM D-alanine to block further germination, mixed, and kept on ice. The suspensions were centrifuged at 4,000 xg for 15 min at 4°C, and the supernatant liquids were filtered through 0.45-,um membrane filters. DPA in the filtered medium was determined by a modification of the method of Warth (31) . Samples (20 pul) were injected into an organic packed C18 reverse-phase column (PRP-1 reverse-phase column; Hamilton, Las Vegas, Nev.). Elution was conducted with 8% tert-amylalcohol in 0.2 N sulfuric acid, pH 1.4, at a flow rate of 0.6 ml/min, and peak heights at 271 nm were measured. Chromatography of each sample was complete within 5 
RESULTS AND DISCUSSION
The rate of B. cereus T spore germination (determined by absorbance) in L-alanine plus adenosine increased as the L-alanine concentration increased from 0.2 to 10 mM, with no further change in rate in 20 mM L-alanine; adenosine or glucose alone had little effect on germination (data not shown). However, adenosine enhanced germination in Lalanine. Therefore, 20 mM L-alanine plus 10 mM adenosine was used as the germination medium for most subsequent studies.
The spore coat and outer membrane were partially removed or disrupted by alkaline SDS-DTT treatment (3, 7, 13, 18, 28) ; the resultant spores are referred to as coat-APPL. ENVIRON. MICROBIOL. defective spores. To confirm the removal of these outer layers, normal and coat-defective spores were examined for their ability to partition in n-hexadecane and by electron microscopy. Normal spores adhered to n-hexadecane more than the coat-defective spores (Fig. 1 (30) attributed the ability to bind hydrophobic solvents to the presence of sites for adherence of hydrocarbons provided by the proteinaceous coats. Neither vegetative cells nor coatless spores contain significant amounts of surface proteins (15) and thus lack hydrophobic binding sites provided by the proteinaceous spore coat. Transmission electron micrographs confirmed that treatment of spores with SDS-DTT removed about half of the spore coat plus the outer membrane (Fig. 2) . The coat-defective spores appeared refractile by phase-contrast microscopy and retained their refractility for at least 4 months when stored in cold, sterile, deionized water. However, the percentage of refractile spores decreased with the length of storage. Others have indicated that coat-extracted spores cannot be stored because of rapid, spontaneous germination (8, 13) .
The rates of germination of normal and coat-defective spores in L-alanine plus adenosine at 35°C were compared (Fig. 3) . Coat-defective spores germinated more slowly and to a lesser extent in 10 min than normal spores, as determined by absorbance (Fig. 3) . The maximum rates of absorbance decrease were 19 and 6% per min for normal and coat-defective spores, respectively. More than 90% of the normal and only ca. 70% of the coat-defective spores lost refractility in about 5 min, as determined by phase-contrast microscopy. The germination differences of normal and coat-defective spores in L-alanine plus adenosine at 35°C observed spectrophotometrically were not substantiated by heat resistance data; coat-defective spores showed a slightly higher rate and extent of loss of heat resistance than did normal spores in the first 10 min (Fig. 4) . Greater than 99% of both normal and coat-defective spores lost heat resistance by 30 min.
The release of DPA and Ca2" by coat-defective spores during germination in L-alanine plus adenosine at 35°C was slower and less overall than by normal spores (Fig. 4) The germination response of spores added to 20 mM L-alanine plus 10 mM adenosine was studied in environments in which the temperature was constantly rising (1°C/min from 20 to 65°C) to evaluate further the effect of defective coat and outer membrane on germination. The normal spores exhibited biphasic germination kinetics, while coat-defective spores showed triphasic germination kinetics (Fig. 5) . The first phase of germination in normal spores was the most rapid (6.7% absorbance decrease per min) and extensive, occurring before the temperature reached 30°C. The second phase exhibited a slower rate (1.8% per min) of absorbance decrease and occurred between 56 and 62°C. The first and second phases of germination of coat-defective spores exhibited greater absorbance decreases and rates (3.5% and 4.7% per min, respectively) than the third phase (1.3% per min). The total percent absorbance decrease for normal spores was 10 to 17% more than for coat-defective spores. These data suggest that the extracted components play a unique role in spore germination. The two phases of germination of coat-defective spores which occurred before the temperature reached 44°C may represent the function of different germination systems than operated in the normal spores, or the temperature sensitivity of the system which operated in normal spores may have been evoked by coat and membrane removal. This phenomenon is under further investigation.
Germination of normal and coat-defective spores in nonnutrient (DPA and CaDPA) and nutrient (L-alanine plus adenosine, TSB with nalidixic acid) media at 35°C was compared (Fig. 6) DPA and Ca2+ reportedly have a triggering role in spore germination (12, 18) . Although the exact role of DPA is not known, Ca2+ may maintain the spore structure so that it is permeable, making the spores accessible to germination triggers (12) . CaDPA can induce germination (6, 12, 19, 23) , although studies indicate that <17 mM CaDPA will induce germination in normal spores only if incubated for at least 2 h (6, 14) . This suggests that a critical Ca2+ or CaDPA concentration is required to trigger germination. Rieman and Ordal (19) attributed the active induction of germination to the chelation of Ca2+ by DPA. However, these and other data reveal triggering of spore germination by CaC12 (6, 12) , suggesting that DPA may not be of functional importance. This study characterizes the unique role of the spore coat and outer membrane in germination of B. cereus T spores. Slow rates of decrease in absorbance and of DPA and Ca2+ release by coat-defective spores germinating in nutrient media suggest an impairment to germination that is attributable to spore coat and membrane removal. Similar results have been reported by other researchers (17, 18, 28) . These data agree with those of Nakatani et al. (17) , who reported that the coats of B. megaterium may not be essential in germination but that the coats are necessary for fast germination of spores. The ability of coat-defective spores to germinate indicates that a required spore germination apparatus is not located in the spore coat or outer membrane, that an autonomous germination system(s) is interior to these SDS-DTT-extractable components, and that some component(s) to initiate germination or promote rapid germination is located in the coat or outer membrane. The coat or outer membrane may protect underlying germination sites, and SDS-DTT disruption of the exterior structure may permit or cause damage to the site(s). Rapid germination of coatdefective spores in CaDPA probably is a consequence of permeability changes. Skomurski et al. (24, 25) suggest that the spore germination trigger apparatus is located in the inner membrane. They observed changes in the anisotropy of the inner membrane in the presence of germinants, indicating the existence of a substance in the inner membrane which binds the germinant, resulting in a conformational change.
Having documented the unique role of the coat or outer membrane in germination, it was essential to see whether addition of the dialyzed, concentrated spore extract to coat-defective spores would restore germination in L-alanine plus adenosine to the faster rate observed for normal spores. An increase in the rate of absorbance decrease was observed for coat-defective spores to which dialyzed spore extract had been added when the spores plus extract were heat activated together prior to germination but not when spores plus extract were separately heat activated, mixed, and added to 'A OPA 100. 90 .
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